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At present, direct data on risk from protracted or fraction-
ated radiation exposure at low dose rates have been limited
largely to studies of populations exposed to low cumulative
doses with resulting low statistical power. We evaluated the
cancer risks associated with protracted exposure to external
whole-body g radiation at high cumulative doses (the average
dose is 0.8 Gy and the highest doses exceed 10 Gy) in Russian
nuclear workers. Cancer deaths in a cohort of about 21,500
nuclear workers who began working at the Mayak complex
between 1948 and 1972 were ascertained from death certifi-
cates and autopsy reports with follow-up through December
1997. Excess relative risk models were used to estimate solid
cancer and leukemia risks associated with external g-radia-
tion dose with adjustment for effects of plutonium exposures.
Both solid cancer and leukemia death rates increased signifi-
cantly with increasing g-ray dose (P , 0.001). Under a linear
dose–response model, the excess relative risk for lung, liver
and skeletal cancers as a group (668 deaths) adjusted for plu-
tonium exposure is 0.30 per gray (P , 0.001) and 0.08 per
gray (P , 0.001) for all other solid cancers (1062 deaths). The
solid cancer dose–response functions appear to be nonlinear,
with the excess risk estimates at doses of less than 3 Gy being
about twice those predicted by the linear model. Plutonium
exposure was associated with increased risks both for lung,
liver and skeletal cancers (the sites of primary plutonium de-
position) and for other solid cancers as a group. A significant
dose response, with no indication of plutonium exposure ef-
fects, was found for leukemia. Excess risks for leukemia ex-
hibited a significant dependence on the time since the dose
was received. For doses received within 3 to 5 years of death
the excess relative risk per gray was estimated to be about 7
(P , 0.001), but this risk was only 0.45 (P 5 0.02) for doses
received 5 to 45 years prior to death. External g-ray expo-
sures significantly increased risks of both solid cancers and
leukemia in this large cohort of men and women with occu-
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pational radiation exposures. Risks at doses of less than 1 Gy
may be slightly lower than those seen for doses arising from
acute exposures in the atomic bomb survivors. As dose esti-
mates for the Mayak workers are improved, it should be pos-
sible to obtain more precise estimates of solid cancer and leu-
kemia risks from protracted external radiation exposure in
this cohort. q 2003 by Radiation Research Society

INTRODUCTION

At present, radiation risk estimates used as a basis for
radiation protection standards are derived from data on per-
sons exposed externally at high doses and high dose rates,
including the atomic bomb survivors in Hiroshima and Na-
gasaki and many medically exposed cohorts (1–4). There
naturally are concerns about the relevance of these data for
estimating risks from exposure at low doses and dose rates,
which are of primary interest for radiation protection. Di-
rect data on risk from protracted or fractionated exposure
at low dose rates mainly have been limited to studies of
populations (such as nuclear workers) exposed to low cu-
mulative doses with resulting low statistical power and high
potential for confounding.

The Mayak Production Association, which is located in
the Southern Urals in the Russian Federation, about 100
km from the city of Chelyabinsk, began operations in 1948
as the first and largest nuclear weapons facility in the for-
mer Soviet Union. A substantial number of workers at the
Mayak facility, especially those employed in the first de-
cade of operation, received cumulative doses that far ex-
ceed those of nuclear workers in other countries. Thus these
workers offer an unusual opportunity to study the effects
of protracted whole-body exposure at cumulative doses that
are sufficiently large to estimate risks with some degree of
precision. The Mayak worker cohort is unique among co-
horts used to study radiation effects because it includes a
large proportion of women (24%) whose average doses are
similar to those for men. The cohort has been described in
several publications (e.g. refs. 5–7). Quantitative estimates
of cancer mortality risks associated with chronic low-dose-
rate exposure at Mayak can be an important complement
to estimates of the effects of acute exposures derived from
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TABLE 1
Description of the Extended Mayak Worker Cohort by Primary Work Place

Type of radiation exposurea

Reactors

External

Radiochemical

External and
internal

Plutonium
production

External and
internal

Auxiliary plants

Relatively low
external and

internal Total

Number of workers (percentage female) 4,396
(22%)

7,892
(25%)

6,545
(27%)

2,724
(19%)

21,557
(24%)

Average age at hire
Average year of hire

24.5
Dec 1954

23.9
May 1955

24.5
March 1957

23.4
Jan 1960

24.2
May 1956

Number monitored for external radiationb (%) 3,882
(88%)

7,626
(97%)

4,153
(63%)

1,496
(55%)

17,157
(80%)

Average cumulative whole-body external
g-ray dose (Gy)

0.66
(0.37/8.5)c

1.21
(0.61/11.3)

0.44
(0.11/7.3)

0.17
(0.07/7.9)

0.81
(0.31/11.3)

Monitored for plutonium body burden (%) 167
(4%)

2,706
(34%)

2,458
(38%)

0
(0%)

5,331
(25%)

Average plutonium body burden (kBq) 0.2
(0/5.1)c

1.2
(0.5/75)

3.3
(0.35/172)

— 2.1
(0.4/172)

Average cumulative internal lung dose (Gy) 0.01
(0/0.4)c

0.06
(0.02/3.3)

0.32
(0.02/18.7)

— 0.18
(0.02/18.7)

a External exposure is predominantly from g rays and is determined from film badge monitoring records. Internal exposures arose primarily from
the inhalation of plutonium aerosols. Body burden and dose estimates are based on the urine excretion measurements that were obtained for monitored
workers.

b Unmonitored workers were believed to have little likelihood of external exposure.
c Median/maximum g-ray dose, lung dose, or plutonium body burden.

the Life Span Study of the Japanese atomic bomb survivors
(1).

This is the first paper to present leukemia and solid can-
cer risk estimates for the full Mayak nuclear worker cohort.
The paper focuses on estimates of the effects of external
exposure with adjustment for the effects of internal expo-
sures. Previous estimates of lung cancer risks associated
with external g-ray exposures and internal exposures to plu-
tonium were based on a small subset of the cohort (8–12).
Descriptions of the effect of internal exposures on cancer
rates in liver (13) and bone (14), and discussion of the
effects of external exposures on cancer rates in portions of
the cohort have been published (5, 15).

MATERIALS AND METHODS

This record-based epidemiological study required no contact with the
cohort members. The project was reviewed and approved by the Insti-
tutional Review Boards of the participating institutions.

Cohort Definition

The original cohort includes all people (about 18,800) who worked in
one or more of Mayak’s three main facilities (nuclear reactor complex,
radiochemical plant, and plutonium production plant) and who were hired
in 1948 to 1972. This cohort has recently been extended to include 2,700
people who worked only in auxiliary plants (water treatment facility and
mechanical repair plant). The extended cohort includes all people hired
during this period who worked in either the main facilities or the selected
auxiliary plants. This includes all workers with a potential for significant
external radiation exposure and a large number of workers with little or
no exposure. Table 1 summarizes characteristics of the Mayak worker
cohort. The average cumulative external dose among those monitored for
external radiation exposures was 0.8 Gy. Approximately 25% of the
members of the Mayak worker cohort are women. Their average dose is

similar to that received by male workers. Workers in all three main fa-
cilities were exposed externally to g rays, and workers in the radiochem-
ical and plutonium production plants also had potential for significant
internal exposures from inhaled plutonium aerosols. Auxiliary plant
workers had relatively low exposures, but even these workers received
larger average doses of external g radiation than workers in other coun-
tries (16).

Follow-up

Vital statistics data (including death certificates and autopsy reports)
and address bureau records are monitored to determine the vital status
and cause of death for cohort members who still reside in Ozyorsk. When
a person moves to another region, the address bureau record indicates the
new region, making it possible to trace cohort members who have left
Ozyorsk. Address bureau records are maintained for 5 years after a person
dies or migrates from the region, and they provide information on current
vital status, date and place of migration, and date and place of death.
When a person has died, the death certificate is obtained, and the under-
lying cause of death is coded using ICD-9 codes (17). A 10% sample of
the deaths is recoded to assess the quality of the coding. In recent years
a systematic program of recoding has been developed to monitor and
improve the quality of the cause-of-death coding.

Coding of the underlying cause of death is based on information from
various sources including death certificates and autopsies, with preference
given to autopsy findings when such information was available. Infor-
mation from autopsies was used in the determination of the underlying
cause for 46% of deaths in Ozyorsk. However, such information is avail-
able for only 1% of the deaths occurring among cohort members who
died outside Ozyorsk. Autopsies were carried out more frequently for
radiochemical or plutonium plant workers than for people who worked
in the reactor complex or auxiliary departments, for workers monitored
for plutonium body burden, and for those with higher potential for plu-
tonium exposure. However, the use of autopsy information in the deter-
mination of cause of death has little impact on the assigned cause (6).

Follow-up for analyses in this paper begins at the time the person
began working at Mayak and continues through the earliest of the date
of loss to follow-up, death or December 31, 1997. As indicated in Table
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TABLE 2
Follow-up Status for the Extended Mayak Worker

Cohort as of December 31, 1997

By subcohort: original
cohort (main plants) and

extension (auxiliary plants) Main plants
Auxiliary

plants Total

Number of workers
Mean age at end of follow-up

18,833
61.9

2,724
56.6

21.557
61.2

Number of deaths 6,352 715 7,067

Solid cancer deaths
Leukemia deathsa

Unknown cause of death

1,588
74

161
(2.5%)

142
3

52
(7.3%)

1,730
77

213
(3.0%)

Lost to follow-up 1,925
(10.2%)

260
(9.5%)

2,185
(10.1%)

By gender Male Female

Number of workers
Mean age at end of follow-up

16,291
59.3

5,266
65.8

Number of deaths 5,852 1,215

Solid cancer deaths
Leukemia deathsa

Unknown cause of death

1,381
60

186
(3.2%)

349
17
27

(2.2%)

Lost to follow-up (%) 1,738
(10.7%)

447
(8.5%)

a Including 11 chronic lymphocytic leukemia (CLL) deaths that were
excluded from the primary analyses.

2, vital status as of December 31, 1997 is known for 90% of the cohort
members, and tracing rates are similar for the main and auxiliary plant
workers. However, the percentage of deaths for which the cause is un-
known is somewhat greater for the auxiliary plant workers.

Dosimetry

Film-badge monitoring for external radiation started at the inception
of Mayak operations and has been carried out for all workers with po-
tential for such exposure. Unmonitored workers held jobs or worked in
departments that had little potential exposure. Since analyses (not shown)
of baseline cancer rates provide no evidence that unmonitored workers
had higher cancer risks than monitored workers with very low doses,
unmonitored workers were treated as having an external dose of 0 Gy.
Four types of individual dosimeters were used over time. In the earliest
period (1948–1953), film dosimeters had no compensating filters, which
resulted in exposure of the film to high-energy b particles. This led to
overestimation of the external g-radiation dose for workers at some work-
places (18). The dosimeters used in later periods did not have this prob-
lem and appear to provide consistent and accurate dose estimates. Efforts
are currently under way to improve external dose estimates. Our analyses
are based on uncorrected individual annual dose estimates abstracted from
archival records at Mayak. Doses from external g radiation were high in
the late 1940s and early 1950s at all of the main plants, and they de-
creased over the years. For example, the mean estimated cumulative doses
for workers hired in 1948–1953, 1954–1958 and 1959–1972 were 1.3,
0.5 and 0.2 Gy, respectively. Although about 20% of the auxiliary plant
workers had external radiation doses in excess of 100 mGy; most of these
workers had little likelihood of external exposure (in which case they
were not monitored) and hence had substantially lower doses.

In addition to external radiation exposures, workers at the radiochem-
ical and plutonium production plants had potential for internal exposures
from inhaled plutonium compounds. The major component contributing

to internal exposure was the a-particle-emitting radionuclide 239Pu (re-
ferred to as plutonium). Significant plutonium exposures occurred in the
early years of Mayak operation because of poor working conditions. Ma-
jor reductions in exposure levels were achieved after 1956 largely due to
the introduction of individual respirators. As time went on, technological
improvements (18) led to further reductions. A systematic program for
monitoring workers’ plutonium exposures began in 1970. This program
involves direct measurement of plutonium in large urine samples. Body
burden and annual organ dose estimates are based on a biokinetic model
that uses information on exposure history and transportability of pluto-
nium aerosols as inputs into models for lung clearance (19–21) and sys-
temic plutonium excretion (22). Transportability of the plutonium aero-
sols at different work locations was measured by dialysis methods (23).
Comparison of body burden estimates based on urine excretion data with
values determined at autopsy indicate that there is considerable uncer-
tainty but no substantial bias in the urine excretion-based body burden
estimates (21). By the end of 1996, urine excretion data had been obtained
for only 36% of those who worked in the radiochemical or plutonium
production plants.

For the purposes of this paper, plutonium exposure is important pri-
marily because of the need to adjust for it in evaluating the effects of
external exposure. Human autopsy data and experimental animal studies
show that the distribution of plutonium in the body is highly nonuniform,
with deposition mainly in the lung, liver and skeleton (24–26). Since
239Pu has a very long half-life (over 24,000 years), it results in continuous
irradiation of exposed organs throughout life (27).

To estimate cancer risks from external g radiation, adjusted for the
effects of internal exposure, for the full Mayak worker cohort, including
workers for whom plutonium monitoring data are not available, we de-
veloped a categorical surrogate index of plutonium exposure defined in
terms of basic occupational history data, including work locations, start-
ing dates, the distribution of measured body burden values, and expert
knowledge of working conditions at various times in the different facil-
ities. As shown in Table 3, mean body burden and lung dose estimates
for monitored workers increase with increasing levels of the surrogate
measure. The standard errors for body burden estimates make it clear that
there is considerable variability among monitored workers with a given
surrogate index level, especially for workers with the highest potential
for plutonium exposure (levels 4 and 5). Because workers thought to have
been at risk of exposure to the highest levels of plutonium were more
likely to be selected for monitoring, it is inappropriate to regard the mean
plutonium body burden (dose) for monitored workers as a representative
value for all workers. All reported analyses are based on a four-level
surrogate index created by combining levels 1 and 2 and levels 4 and 5.
This modification resulted in little loss of information and had no appre-
ciable influence on the primary results. Because of indications that some
workers were monitored as a result of suspected diseases, people are
treated as unmonitored for the first 2 years after the initial monitoring
date.

Organization of Data for Analysis

For these analyses, the data were organized as a multi-way person-year
table with classification by facility, gender, period of hire (four periods),
plutonium surrogate index categories (six categories), and 5-year cate-
gories of attained age, age at hire, and calendar period. The table also
included stratification on a time-dependent indicator of plutonium mon-
itoring, time since initial monitoring, and estimated plutonium body bur-
den. Time-dependent lagged cumulative external doses were jointly clas-
sified for lags of 2, 5 and, in some cases, 10 and 20 years. There were
15 categories for each lagged cumulative external dose: a category for
unmonitored workers, a zero dose category, and 13 other categories with
boundaries of 0.2, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5 and 6 Gy. With
this joint classification, it is possible to use different lags for leukemia (2
years) and solid cancer (5 years) and to examine the temporal pattern of
the dose response using time-dependent windows for doses received 3 to
5 years ago, 5 to 10 years ago, 10 to 20 years ago, and more than 20
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TABLE 3
Plutonium Surrogate Index Definition with Summary Statistics

Level Surrogate category definition People

Percentage
monitored

for plutonium
body burden

Plutonium body
burden (kBq)

Cumulative
lung dose

(Gy)a

5 Plutonium production, main departments, hired 1948–1949 662 32% 18.5 6 30b 1.92
4 Plutonium production, main departments, hired 1950–1953 250 34% 14.9 6 30 1.43
3 Plutonium production, main departments, hired 1954–1958

Plutonium production, auxiliary departments, hired 1948–1949
1704 30% 2.9 6 5.5 0.28

2 Plutonium production, main departments, hired 1959–1963
Plutonium production, auxiliary departments, hired 1950–1958
Radiochemical plant, hired 1948–1953

5239 35% 1.7 6 4.3 0.11

1 Plutonium production, main departments, hired 1964–1972
Plutonium production, auxiliary departments, hired 1959–1972
Radiochemical plant, hired 1954–1972

6582 39% 0.6 6 2.0 0.04

0 Reactor plants, hired 1948–1972
Auxiliary plants, hired 1948–1972

7120 2% 0.2 6 0.5 0.01

a The lung dose from inhaled plutonium is computed from the estimated body burden using the biokinetic models described in refs. (19–23).
b Mean and standard deviation of estimated values for monitored workers.

years ago. The resulting person-year table has about 100,000 cells with
non-zero person years. To investigate how differential autopsy rates affect
risk estimates, we created a supplementary person-year rate table that
included time-dependent stratification on place of residence (Ozyorsk or
elsewhere). Slightly less than half of the cohort members have moved
away from Ozyorsk (about 35% are still being actively followed and
about 10% are lost to follow-up). Migrants account for about one-third
of the total person years and 40% of the deaths seen to date.

Statistical Methods

Excess relative risk models were used to describe the risks. The basic
model has the form l0(a,s,z)·[11ERR(d)], where l0 () is the baseline
hazard (rate) function, which varies with attained age (a), gender (s) and
other covariates (z). ERR(d) is the excess relative risk function, in which
d involves both external dose and internal exposure as described below.
The logarithm of the baseline hazard was modeled using gender-specific
quadratic functions of log attained age with an effect to allow for different
rates of death ascertainment for main and auxiliary plant workers. The
dose response was described using models that allow for effects of both
external (dext) doses and internal (dpu) exposures. The dose response func-
tions considered are:

b d 1 g I 1 b d Iext ext pucat unmon pu pu mon

linear 2b d 1 b d 1 g I 1 b d Iext,1 ext ext,2 ext pucat unmon pu pu mon
ERR(d) 5 

linear-quadratic

b 1 g I 1 b d Iextcat pucat unmon pu pu mon
non-parametric

The b’s are parameters describing the external-dose and internal-exposure
response slopes in terms of the time-dependent lagged cumulative doses,
and the gpucat parameters are excess relative risk estimates for categories
of the plutonium surrogate index. In most analyses, the surrogate index
was used for periods during which there was no plutonium monitoring
data (Iunmon 5 1), while estimated plutonium body burden was used during
post-monitoring periods (Imon 5 1) for monitored workers. However, we
also considered models based solely on the surrogate index. Results for
the linear-quadratic model are presented in terms of the limiting low-dose
slope (bext,1) and the curvature of the dose response, which is defined as
bext,2/bext,1. Parameters associated with plutonium surrogate categories
were constrained to be non-negative. These ERR models were also ex-

tended to allow for factors such as age at hire, age at death, and gender
to have multiplicative effects on the external dose portion of the response
function.

When assessing the temporal variation in the ERR we used the follow-
ing linear model,

ERR(a) 5 b d (a) 1 g I 1 b d I ,O w w,ext pucat unmon pu pu mon
w

in which dw,ext(a) is the external dose received in a specific period (ex-
posure window) prior to the current time, e.g. 5 to 10 or 10 to 20 years
prior to the current time; the bw are the corresponding risk estimates.

Since the effects of internal exposure were more pronounced for tissues
of primary plutonium deposition (lung, liver and skeleton), we separately
adjusted for the effects of plutonium exposures for cancers of these sites
and other solid cancers. We used the joint analysis methods described in
ref. (28) to do this. In these analyses cause-specific person-year tables
were concatenated to form a large combined dataset, background rate
models were stratified on cause of death, and tests of the hypothesis that
some or all of the excess risk parameters were equal for different causes
were carried out. This method allowed us to carry out an explicit test of
the hypothesis that the slope of the dose response differs for these two
groups of solid cancer sites. A joint analysis with separate parameters for
each type is equivalent to separate analyses for each type. So if, as was
the case in these analyses, one rejects the hypothesis of a common dose–
response slope, it is simplest to analyze the different end points sepa-
rately.

Parameter estimates were computed with maximum likelihood meth-
ods. Hypothesis tests and confidence intervals were based on likelihood
ratio tests and direct evaluation of the profile likelihood. The models were
fitted using the Epicure software (29). Two-sided P values and 90% con-
fidence intervals were used throughout. Since our primary interest con-
cerns the one-sided hypothesis that radiation is associated with increased
risks in this cohort, we chose to use 90% confidence intervals in which
the upper bound corresponds to a one-sided 95% bound for the parameter
of interest.

In addition to the parameter estimates, we present estimates of the
expected and excess cases, with the excess apportioned between external
and internal exposures derived from the fitted models. The expected num-
ber of cases (in the absence of exposure) was computed as the sum of
the product of the fitted baseline rate and the number of person years
divided by the cells in the detailed person-year table. The estimated num-
ber of excess cases for each record in the person-year table due to external
exposures was computed as the product of the expected number of cases
in the absence of exposure and the estimated external dose ERR, for
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TABLE 4
Mayak Worker Cohort Cause-of-Death Distribution by Gender

Cause Male Female Total

All deaths
All cancer deaths
All solid cancers

5852
1475
1381

1215
379
349

7067
1854
1730

Oral cavity
Stomach
Colon
Rectum
Liver
Gallbladder
Pancreas
Other digestive
Lung
Other respiratory
Skeleton
Skin
Breast
Uterus
Ovary
Prostate
Other male
Bladder
Kidney
Eye
Brain and nervous system
Endocrine system
Other, ill-defined
Unknown

39
258
49
49
44
16
64
41

517
53
21
18
0

—
—
38
5

39
44
3

41
5
2

35

2.8%a

18.7%
3.5%
3.5%
3.2%
1.2%
4.6%
3.0%

37.4%
3.8%
1.5%
1.3%
0.0%
—
—

2.8%
0.4%
2.8%
3.2%
0.2%
3.0%
0.4%
0.1%
2.5%

4
50
19
25
23
10
9
9

52
3

11
8

60
9

33
—
—
0
8
1
4
2
0
9

1.1%
14.3%
5.4%
7.2%
6.6%
2.9%
2.6%
2.6%

14.9%
0.9%
3.2%
2.3%

17.2%
2.6%
9.5%
—
—

0.0%
2.3%
0.3%
1.1%
0.6%
0.0%
2.6%

43
308
68
74
67
26
73
50

569
56
32
26
60
9

33
38
5

39
52
4

45
7
2

44

Hematopoietic cancers

Total hematopoietic cancers 94 30 124

Leukemia (excluding CLL)
Chronic lymphocytic leukemia (CLL)
Non-Hodgkin’s lymphoma
Hodgkin’s lymphoma
Myeloma

55
5

16
11
7

11
6
8
2
3

66
11
24
13
10

Noncancer deaths

Noncancer diseases
External causes

3259
1118

728
108

3987
1226

a Percentage of sex-specific solid cancers.

example ERR 5 bextdext for a simple linear model. These estimates were
then summed over the relevant cells. The estimated number of excess
cases due to internal exposures was computed as the difference between
the estimated total number of excess cases and the estimated number of
excess cases associated with external exposure.

To evaluate the possibility of autopsy-related bias in our estimates of
radiation effects, we compared cause-specific solid cancer mortality back-
ground rates for Ozyorsk residents and migrants and then tested for a
radiation-by-migration effect on the external-dose ERR.

RESULTS

Cancer Deaths

For the period covered by these analyses, there were
about 720,000 person years of follow-up, with 1,730 solid
cancer deaths and 77 leukemia deaths in the Mayak worker
cohort. The solid cancers included 668 deaths from cancers
in the organs of primary plutonium deposition (569 lung

cancers, 67 liver cancers, and 32 skeletal cancers) and 1062
deaths from other solid cancers. Details on the number of
cancer deaths by site and gender are presented in Table 4.
Among men, lung and stomach cancers were the most com-
mon fatal cancers. Breast cancer deaths were as common
as lung or stomach cancer deaths among women in this
cohort. Site could not be determined for about 2.5% of the
deaths attributed to cancer. The leukemia deaths included
11 deaths attributed to chronic lymphocytic leukemia
(CLL) and 66 deaths from other types of leukemia. CLL
deaths were considered separately from the other leuke-
mias, since it is generally thought that the risk of CLL is
not associated with radiation dose (30–33).

Solid Cancer Mortality Dose Response

A pooled analysis of all solid cancer deaths using a linear
dose–response model with adjustment for internal exposure
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FIG. 1. Parametric and nonparametric descriptions of the external dose response for the solid cancer ERR in the
Mayak worker cohort. The estimates are adjusted for internal exposure. There is significant nonlinearity for both
groups considered, and for each group the low-dose slope for the linear-quadratic model is about twice the estimate
from the linear model.

indicated a highly significant effect of 5-year lagged exter-
nal dose on cancer risk (P , 0.001) with an ERR per gray
estimate of 0.15 (90% CI 0.09; 0.20). However, there was
also evidence of statistically significant non-linearity (P 5
0.01) in the dose response. The fitted linear-quadratic dose
response was concave downward with an estimated linear
coefficient of 0.3 per gray (90% CI 0.18; 0.43), which is
about twice that suggested by the linear model. The cur-
vature was estimated as 20.12 (90% CI 20.14; 20.06).
Exclusion of the auxiliary plant workers has little impact
on point estimates of risk. Virtually identical results were
obtained from a joint analysis that allowed for differences
between the internal exposure effects for lung, liver and
skeletal cancers and those for other solid cancers but as-
sumed a common external exposure dose response for the
two broad groups of cancer deaths. However, because the
joint analysis provided evidence of a statistically significant
difference (P 5 0.01) between the external dose effects for
these two groups of cancer deaths, these results are pre-
sented separately.

An examination of migration effects indicates that gen-
der- and age-specific cancer rates for migrants were signif-
icantly lower (P 5 0.005, SMR 5 0.83, 90% CI 0.74; 0.92)
than for Ozyorsk residents. However, there was no indica-
tion that the estimated ERR per gray depends on place of
residence (P 5 0.5). We also note that despite the lower
cancer rates for migrants, there is no indication of a differ-
ence in death rates for all causes (P . 0.5, SMR 5 1.01,
90% CI 0.96; 1.06), suggesting that the difference seen for
solid cancers could reflect an increased likelihood of cancer
being reported when an autopsy is performed rather than
incomplete follow-up for migrants.

Lung, Liver and Skeletal Cancers

There was clear evidence of increased risks for lung, liv-
er and skeletal cancers, as a group, associated with both

external (P , 0.001) and internal exposures (P , 0.001),
using either the surrogate index only or a combination of
the surrogate index for unmonitored workers and body bur-
den for monitored workers. There was also a suggestion (P
5 0.08) of downward curvature in the external dose re-
sponse in a linear-quadratic dose–response model. Under a
linear model, the estimated excess relative risk was 0.30
per gray (90% CI 0.18; 0.46). The linear coefficient in the
linear-quadratic model was 0.54 (90% CI 0.27; 0.89) per
gray while the curvature is estimated to be 20.1 (90% CI
,–0.13; 20.01). The left panel in Fig. 1 presents dose-
category-specific ERR estimates and shows both the fitted
linear and linear-quadratic dose–response functions. Exclu-
sion of workers in the surrogate categories with the highest
potential for plutonium exposure had no appreciable effect
on these results.

There was no indication of migration/autopsy rate effects
on either the background rates (P . 0.05, SMR 5 0.95,
95% CI 0.78; 1.15) or the ERR per gray (P 5 0.16).

Other Solid Cancers

For solid cancers other than those of the lung, liver and
skeleton, a dose effect was observed for external exposures
(P , 0.01). While there was little indication of internal
exposure effects for these cancers based solely on the sur-
rogate index (P 5 0.3), the evidence for such effects was
strengthened (P , 0.001) when the surrogate index is used
for unmonitored workers in combination with body burdens
for monitored workers. Under the linear dose–response
model, the estimated ERR per gray of 5-year lagged cu-
mulative external dose, adjusted for internal exposure, was
0.08 (90% CI 0.03; 0.14). As with lung, liver and skeletal
cancers, the addition of a quadratic term in lagged cumu-
lative dose revealed significant (P 5 0.05) downward cur-
vature in the dose response. Under this model, the estimate
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TABLE 5
Observed and Expected Solid Cancer Deaths by External Dose Category with Estimates

of Excess Cases from Both External and Internal Exposures

5-year lagged
external dose
category (Gy) Person years Observed Expected

Excess deaths

External
exposure

Internal
exposure Total

Lung, liver and skeletal cancers

Unmonitored
Zero
20.5
21
23
25
51

131450
105281
293390
68233
93685
22678
6958

88
3

198
82

205
68
24

68.1
4.2

146.3
45.1
72.5
20.5
6.7

0
0

13.0
16.4
57.3
26.0
8.6

19.5
1.1

52.8
18.0
58.3
24.8
8.8

19.5
1.1

65.8
34.4

115.6
50.8
17.4

Total 721703 668 363.4 121.3 183.3 304.6

Other solid cancers

Unmonitored
Zero
20.5
21
23
25
51

131450
105281
293390
68233
93685
22678
6958

187
9

400
111
267
62
26

171.9
16.9

373.8
114.4
182.0
51.0
16.0

0
0

12.5
15.4
49.7
18.8
2.4

2.5
0.3
9.5
3.8

13.6
5.7
1.8

2.5
0.3

22
19.2
63.3
24.5
4.2

Total 721675 1062 926.0 98.8 37.2 136.0

All solid cancers

Unmonitored
Zero
20.5
21
23
25
51

131450
105281
293390
68233
93685
22678
6958

275
12

598
193
472
130
50

240
21.1

520.1
159.5
254.5
71.5
22.7

0
0

25.5
31.8

107
44.8
11

22
1.4

62.3
21.8
71.9
30.5
10.6

22
1.4

87.8
53.6

178.9
75.3
21.6

Total 721675 1730 1289.4 220.1 220.5 440.6

of the low-dose slope was 0.21 (90% CI 0.06; 0.37), more
than twice the slope of the linear model, with a downturn
in the response at high doses. The right panel of Fig. 1
presents dose-category-specific (non-parametric) ERR es-
timates and shows both the fitted linear and linear-quadratic
dose–response functions. Exclusion of workers in the sur-
rogate categories with the highest potential for plutonium
exposure had no appreciable effect on these results.

Migrants had significantly lower background rates (P 5
0.001, SMR 5 0.77; 90% CI 0.67; 0.87) than Ozyorsk res-
idents, but there is no evidence of significant differences in
the ERR per gray for these two groups (P . 0.5).

Attributable Risk Estimates

Table 5 summarizes the number of deaths and person
years together with estimates of the numbers of deaths ex-
pected in the absence of exposure and of excess deaths
associated with external and internal exposures in catego-
ries of 5-year lagged cumulative external dose. Estimates
for lung, liver and skeletal cancers and other solid cancers
were computed using the linear-quadratic ERR models for
external exposure effects and a combination of the surro-
gate index for unmonitored workers and body burden for

monitored workers. The results for all solid cancers are sim-
ply the sum of the estimates for lung, liver and skeletal
cancers and other solid cancers.

The upper section of Table 5 suggests that almost half
of the 668 lung, liver and skeletal cancer deaths are asso-
ciated with radiation exposures and that roughly 40% of
these deaths are linked to external exposures. The middle
section of the table shows that only about 13% of the 1062
solid cancers are associated with radiation exposure. Three-
fourths of the radiation-associated deaths were related to
external exposures, but somewhat surprisingly, we estimat-
ed that about 37 of the 136 excess cases among these deaths
are associated with internal exposures.

Effect Modification

The data on all solid cancers as a group were used to
test for variation in the ERR with gender, age at hire (which
was used as a surrogate for age at initial exposure), and
time since exposure. There was no indication of a gender
difference in the ERR for all solid cancers as a group (P
. 0.5). The sex ratio (F:M) estimate was 1.0 (90% CI 0.3;
2.2) for the linear-quadratic dose–response model. There
was no indication that the sex ratios for lung, liver and



794 SHILNIKOVA ET AL.

TABLE 6
Time-Dependent Solid Cancer Mortality External Dose Risk Estimates

Years since
external

dose received

ERR/Gya

Lung, liver
or skeleton Other solid cancer All solid cancer

Time-varying linear model

5–10
10–20
201

,0.2 (,20.3; 0.5)b

0.4 (20.15; 0.9)
0.6 (0.3; 0.9)

0.6 (20.1; 1.25)
0.03 (20.2; 0.3)
0.2 (0.08; 0.3)

0.2 (20.3; 0.7)
0.1 (20.1; 0.3)
0.3 (0.2; 0.4)

Time-constant linear model (5-year lagged dose)

Linear effect 0.30 (0.18; 0.46) 0.08 (0.03; 0.14) 0.15 (0.09; 0.20)

Time-constant linear-quadratic model (5-year lagged dose)

Linear effect
Curvature

0.54 (0.27; 0.89)
20.10 (,20.13; 20.01)

0.21 (0.06; 0.37)
20.14 (,20.15; 20.05)

0.30 (0.18; 0.43)
20.12 (,20.14; 20.06)

a Adjusted for plutonium exposure.
b 90% confidence interval.

TABLE 7
Observed and Expected Leukemia Deaths by External Dose Category with Estimates of

Excess Cases from Both External and Internal Exposures

2-year lagged
external dose
category (Gy) Person years Observed Expected

Excess deaths

External
exposure

Internal
exposure Total

Unmonitored
Zero
20.5
21
23
25
51

131450.0
56727.8

322779.0
75025.2

103073.0
24971.5
7649.0

5
1

23
8

13
9
7

5.1
2.1

16.9
4.9
7.6
2.2
0.7

0
0
3.4
3.4

10.6
5.2
2.7

20.1
0.1
0.4
0.2
0.5
0.1
0.0

20.1
0.1
3.8
3.6

11.1
5.3
2.7

Total 721675.5 66 39.5 25.3 1.2 26.5

skeletal or other solid cancers differ significantly from this
estimate.

Solid cancer risks tend to decrease (P 5 0.05) with age
at hire. The decrease was estimated as 34% per decade
(90% CI 6%; 60%). There was no indication that this effect
differs for the two broad solid cancer groups that are the
focus of this report.

We used linear models that allow different ERRs per
gray in three time-dependent cumulative-dose windows to
assess the influence of time since exposure on the ERR.
While the individual estimates were quite variable (Table
6), there was no indication of statistically significant het-
erogeneity in the risks for all solid cancers (P . 0.5) or for
either of the two cancer mortality subgroups, nor was there
any evidence of a simple trend in the ERR with time since
the dose was received.

Leukemia Risks

Table 7 presents the distribution of the 66 deaths from
leukemia other than chronic lymphocytic leukemia (CLL)
in categories of 2-year lagged cumulative dose. The table
also presents estimates of the expected number of leukemia

deaths based on an internal comparison for the time-depen-
dent dose–response model in 2-year lagged cumulative
dose (described below). It appears that about 40% of the
non-CLL leukemia deaths are in excess of what one would
expect. Inclusion of the plutonium-exposure surrogate mea-
sure provided no indication of a significant effect of plu-
tonium on the leukemia risk estimates (P . 0.5), nor did
the pattern of risk estimates suggest the presence of an ex-
posure–response-like trend across the surrogate categories.
The point estimate of the plutonium body burden dose re-
sponse for monitored workers was negative but not statis-
tically significant (P . 0.5)

There was a statistically significant (P 5 0.04) increase
in leukemia mortality risk with 2-year lagged cumulative
external dose in a simple linear dose–response model with-
out effect modification. The estimated ERR per gray was
0.99 (90% CI 0.45; 2.12). The addition of a quadratic term
indicated a concave upward dose response, but it did not
improve the fit significantly (P 5 0.1). A pure quadratic
model described the data as well as the linear-quadratic
model.

There was no evidence of a significant sex difference in
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TABLE 8
Time-Dependent Leukemia ERR per Gy Estimates

Years since
dose received

ERR/Gy

Four periods Two periods One period

3–5 years
5–10 years

10–20 years
201 years

7.6 (3.2; 17)a

0.3 (,20.1; 2.7)
0.8
0.4





6.9 (2.9; 15)

0.45 (0.1; 1.1)






1.0 (0.5; 2.0)

a 90% confidence interval.

the ERR (P . 0.5, female:male ratio 1.7 (90% CI 0.23;
11.2), nor was there significant change in the ERR with age
at hire (P 5 0.2). The estimated decrease in ERR per de-
cade increase in age at hire was 46% with the 90% CI
ranging from a 75% decrease to an 8% increase.

There was strong evidence of heterogeneity in the risk
with respect to the time when the dose was received (P 5
0.01), with the risk from doses received in the most recent
3 to 5 years being more than 10 times that from doses
received more than 5 years ago. The ERR per gray esti-
mates for cumulative doses in the four temporal windows
are given in Table 8.

The 90% confidence bound for the risk of recently re-
ceived doses was about (3.2; 17). There was little evidence
of heterogeneity in risk with time for doses received more
than 5 years previously (P . 0.5). The risk for doses re-
ceived more than 5 years ago was much lower than the risk
for more recent doses; the ERR per gray is 0.45 (90% CI
0.1; 1.1), and it was significantly greater than 0 (P 5 0.02).
There was no indication of any effects of external dose or
internal exposure on the risks of CLL in this cohort (P .
0.5).

DISCUSSION

Long-term follow-up of the atomic bomb survivors has
clearly demonstrated that acute exposure at low to moderate
radiation doses leads to lifelong increases in cancer risks
(1, 2, 34). However, the evidence for radiation effects on
cancer risks after protracted, low-dose-rate exposures has
been less compelling (4). Our analyses of cancer mortality
in a large cohort of men and women with chronic, external,
occupational exposure to g rays provide the most convinc-
ing evidence to date of increased solid cancer and leukemia
mortality after protracted, low-dose-rate exposures. These
are the first analyses of the full Mayak worker cohort, in-
cluding all periods of hire and including the newly added
auxiliary plant workers whose radiation doses, while con-
siderably lower than the main plant workers, tend to be
larger than those of workers in other populations that have
been studied. One reason that this study is able to detect
effects of occupational exposures is that average worker
doses of about 0.8 Gy are more than an order of magnitude
higher than the average dose of 0.05 Gy reported in a large

international pooled analysis of nuclear workers in the
United States, United Kingdom, and Canada (16).

Gamma-ray risk estimation for the Mayak worker cohort
is complicated by the fact that a large portion of workers
in the radiochemical and plutonium production plants had
the potential for significant internal exposures to a-particle
radiation from inhalation of plutonium aerosols. A stan-
dardized program to measure plutonium body burdens was
begun around 1970, but only about one-third of the workers
with potential for plutonium exposure have been monitored.
The 2.1-kBq mean body burden among monitored workers
is considerably greater than body burdens reported for high-
ly exposed workers in the United Kingdom (35) or United
States. Because of this complication, recent efforts (8, 11,
12) to quantify lung cancer risks in this cohort have re-
stricted analyses to subgroups of the cohort. To conduct a
comprehensive evaluation of the risks associated with ex-
ternal g-ray exposures, we expanded the cohort to include
all male and female workers in the main plants hired from
1948 through 1972 and added a group of auxiliary plant
workers with little or no radiation exposure. In addition, we
developed a simple categorical occupational history-based
surrogate index of plutonium exposure and used this index
and, when available, plutonium body burden estimates to
adjust external dose risk estimates for the possible effects
of plutonium exposure.

After adjusting for internal exposure effects, we find sta-
tistically significant associations between g-ray dose and
the risks for the three broad groups of mortality from ma-
lignancies: lung, liver and skeletal cancer, other solid cancer
and leukemia. Simple linear risk estimates indicate that, at
a dose of 1 Gy, risks for lung, liver and skeletal cancers,
as a group, are increased by about 15% while those for
solid cancers in organs other than those most likely to con-
centrate plutonium are increased by about 8%. Our results
suggest that risks per unit external dose might be higher in
plutonium-concentrating organs than in other tissues, al-
though it is possible that this reflects inadequate adjustment
for plutonium exposure for these cancers. There are strong
indications of nonlinearity in the risk. For both groups of
solid cancers the dose response appears to be concave
downward with risks per unit dose at low doses being about
twice the linear estimates. Similar linear estimates are ob-
tained when the population is limited to people with exter-
nal dose estimates of less than 3 Gy. As suggested in refs.
(6) and (18), it is likely that g-ray doses may be overesti-
mated in the early years because of a failure to properly
account for the impact of high-energy b particles on the
unshielded badges. This overestimation of the highest doses
may partially explain the concave downward dose response.
If so, the linear slopes in these linear-quadratic models may
be a more appropriate estimates of the low-dose g-ray ef-
fects. Atomic bomb survivor-based estimates (1) of the sol-
id cancer mortality ERRs are about 0.45 for men and 0.9
for women exposed at age 25 (the average age at hire for
members of the Mayak worker cohort). The Mayak esti-
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mates described in this paper are somewhat lower than
those for the atomic bomb survivors, but in view of the
dosimetric uncertainties these comparisons should be re-
garded as very preliminary.

While there does not appear to be a gender difference in
ERR for external exposure, there is a suggestion that the
risk per unit dose decreases with increasing age at first hire.
The estimated age-at-hire effect is similar to that seen in
the atomic bomb survivors (1). However, this similarity
should be interpreted cautiously since the Mayak workers
received chronic exposures and the age-at-exposure range
in the worker cohort is relatively narrow compared to the
atomic bomb survivors. Solid cancer excess relative risks
in this cohort do not appear to vary significantly with time
since the dose was received. This is consistent with the
generally constant relative risks seen for atomic bomb sur-
vivors who were exposed as adults.

Averaging over the full follow-up period, a dose of 1 Gy
doubles the risk of non-CLL leukemia mortality. However,
the data indicate that leukemia risks depend markedly on
time since the exposure was received. Risks for recent ex-
posures (dose received 3 to 5 years prior to death) appear
to be an order of magnitude higher than those for dose from
earlier exposures. We estimate that a dose of 1 Gy increases
risks by about 700% in the period from 3 to 5 years after
exposure and about 50% for periods more than 5 years after
exposure. Despite the large difference in risk for doses re-
ceived from recent and older exposures, we estimate that
almost half (12 out of 25) of the external-radiation-associ-
ated leukemias are related to exposures that occurred more
than 5 years prior to death. This pattern of high relative
risks shortly after exposure and much lower risks associated
with earlier exposures is quite comparable to the temporal
patterns seen for leukemia risks in the atomic bomb sur-
vivors (2) and studies of medically exposed populations (4).
There was no evidence of significant non-linearity in the
leukemia dose response; however, correction of the dose
estimates in the early years will tend to increase the evi-
dence for upward curvature.

There are several sources of potential bias in risk esti-
mates based on the Mayak worker cohort. As noted earlier,
one area of concern involves differences in autopsy rates
for workers in different plants or periods. We investigated
the possibility of bias associated with autopsy rate differ-
ences by taking advantage of the fact that autopsy rates for
migrants are considerably lower than those for Ozyorsk res-
idents (indeed this difference in rates is considerably greater
than the differences associated with plant or radiation dose
among Ozyorsk residents). Our results suggest that differ-
ential autopsy rates cannot explain the significant g-ray
dose response nor are they likely to bias the risk estimates.

Smoking is often considered as a potential confounding
factor in radiation risk estimation, especially for lung can-
cer. Complete information on smoking habits of cohort
members is not currently available. The limited data avail-
able suggest that while smoking rates were quite high for

men, the correlations between smoking and radiation dose
or plutonium body burden are weak. Thus we think that
failure to adjust for smoking does not lead to an artifactual
association with radiation dose in this population.

Occupational exposure to carcinogenic compounds is an-
other potential confounding factor, but unfortunately we
have little information at this time on the nature of such
exposures and no useful data on the correlation between
these exposures and radiation dose. To learn more about
potential chemical exposures, we examined internal reports
prepared by the Biophysics Institute, Branch 1 (currently
the South Urals Biophysics Institute) industrial hygienists
throughout the period of Mayak’s operation, and consulted
with the head of the SUBI industrial hygiene laboratory
(F. D. Tretyakov, personal communication). According to
information from these sources, it appears unlikely that ex-
posure to other carcinogens accounts for—or seriously bi-
ases—the radiation risk estimates. There was no known ex-
posure to beryllium at the Mayak facilities included in this
study. While asbestos was used for insulation in some areas
of all Mayak plants, Dr. Tretyakov indicated that there was
no appreciable asbestos exposure to workers in this cohort.
However, eight of the 56 ‘‘other respiratory’’ cancers are
mesotheliomas, and all of these occurred among workers in
the radiochemical or plutonium production plants. The ap-
parent lack of asbestos exposure suggests that plutonium
may play a role in the etiology of mesothelioma. These
findings warrant further investigation.

In this paper, we have not attempted to evaluate risks for
solid cancers of specific sites. Studies of other populations
exposed to whole-body radiation (such as the A-bomb sur-
vivors) have usually included the broad category of all solid
cancers (or all cancer excluding leukemia) because this al-
lows more precise estimation of model parameters than
would be possible for individual sites. We note also that
Pierce et al. (1) found little evidence of heterogeneity
among ERR models developed for 13 specific cancer sites
based on atomic bomb survivor mortality data. Neverthe-
less, our models are not necessarily appropriate for each of
the contributing sites, and it will be important to investigate
variation by site in the future as the numbers of deaths
increase and dose estimates are improved. We note partic-
ularly that lung cancer dominates the lung, liver and skel-
etal cancer category, so this model may be more relevant
for lung cancer than for cancers of the liver and skeleton.
To look at this issue, we plan to conduct detailed analyses
of each of these sites using estimated organ doses from
plutonium.

As discussed above, to estimate (external) g-ray dose
effects, we have adjusted for the effects of internal exposure
using a combination of a categorical index of potential for
plutonium exposure for unmonitored workers and plutoni-
um body burden estimates for monitored workers. This ap-
proach allows us to compute useful estimates of the number
of internal exposure-associated cases and information about
the existence of a dose response for internal exposures, but
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it does not provide useful quantitative risk estimates for the
effects of plutonium exposure. We found strong evidence
of a dose response for internal exposures for deaths due to
cancers of the organs of primary plutonium deposition
(lung, liver and skeleton) and all solid cancers as a group.
Surprisingly, the data also suggest a smaller but still statis-
tically significant effect of internal exposure on the risk of
death for cancers in organs other than the lung, liver and
skeleton. There was no indication of any effect of internal
exposures on leukemia mortality. This is consistent with the
apparent absence of an increase in leukemia risks among
radium dial painters who also had high cumulative expo-
sures from deposition of a-particle emitters on the bone
surface (36, 37). The reasons for these unexpected findings
regarding solid cancers other than those in the lung, liver,
and skeleton are unclear since both theoretical computa-
tions and autopsy measurements (20) suggest that plutoni-
um deposition leads to relatively little exposure (or dose)
to tissues other than those of primary deposition. One pos-
sibility is that these increased risks may reflect a nonspe-
cific effect on the body’s ability to deal with other cancer
risk factors in the face of chronic low-dose-rate exposure.

A major strength of the Mayak worker cohort is the high-
quality follow-up. Over a follow-up period ranging from 30
to 50 years, less than 10% of the cohort members have been
lost to follow-up, and documented cause of death is avail-
able for about 97% of the deaths. The relatively large num-
ber of heavily exposed female workers is also an important
feature of the Mayak worker cohort. Current uncertainties
about internal and external dose estimates are the study’s
major limitation. Despite these dosimetric uncertainties, the
Mayak worker cohort provides useful, new estimates of the
risks associated with chronic g-ray exposure. With the ex-
pected improvements in external dose estimates and char-
acterization of internal exposures and doses, this cohort will
yield more precise and more comprehensive risk estimates
over the next few years.
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